In this study we report the set-up of a novel twin chamber technique that uses the comparative method and establishes an appropriate connection of atmospheric and laboratory methods to broaden the tools for investigations. It is designed to study the impact of certain parameters and gases on ambient processes, such as particle formation online, and can be applied in a large variety of conditions. The characterisation of both chambers proved that both chambers operate identically, with a residence time x T (COMPASS1) = 26.5 ± 0.3 min and x T (COMPASS2) = 26.6 ± 0.4 min, at a typical flow rate of 15 L min −1 and a gas leak rate of (1.6 ± 0.8) × 10 −5 s −1 . Particle loss rates were found to be larger (due to the particles' stickiness to the chamber walls), with an extrapolated maximum of 1.8 × 10 −3 s −1 at 1 nm, i.e. a hundredfold of the gas leak rate. This latter value is associated with sticky non-volatile gaseous compounds, too. Comparison measurement showed no significant differences. Therefore operation under atmospheric conditions is trustworthy. To indicate the applicability and the benefit of the system, a set of experiments was conducted under different conditions, i.e. urban and remote, enhanced ozone and terpenes as well as reduced sunlight. In order to do so, an ozone lamp was applied to enhance ozone in one of two chambers; the measurement chamber was protected from radiation by a first-aid cover and volatile organic compounds (VOCs) were added using a small additional flow and a temperaturecontrolled oven. During the elevated ozone period, ambient particle number and volume increased substantially at urban and remote conditions, but by a different intensity. Protection of solar radiation displayed a clear negative effect on particle number, while terpene addition did cause a distinct daily pattern. E.g. adding β pinene particle number concentration rose by 13 % maximum at noontime, while no significant effect was observable during darkness. Therefore, the system is a useful tool for investigating local precursors and the details of ambient particle formation at surface locations as well as potential future feedback processes.
Introduction
The change of climate conditions on regional and global scale has been reported and is established (IPCC report, Solomon et al., 2007) . In this context certain aspects such as temperature, radiation budgets, volatile organic compounds and ozone will change differently on different scales. In order to understand and approximate certain effects and their feedback on climate in an appropriate way, novel tools are needed to link laboratory-based results with ambient observations. This includes detailed laboratory techniques and the extrapolation of knowledge to ambient conditions in order to understand ambient observations.
With any of the mentioned approaches, observation is controlled by the applied approach techniques, which cause significant benefits and problems (see Table 1 ): e.g. basic challenges (disadvantages) of all simulation chamber approaches Box model studies possible (pro) possible (pro) hardly poss. (con) are wall losses, limited amount of mixture ingredients, moderate path lengths for spectroscopy, enhanced concentrations and -depending on the set-up -either a limited amount of reaction time (flow chambers) or of volume (static chambers). Otherwise, conditions are well defined and mechanistic studies of e.g. kinetics are possible. This facilitates the application of a box model to simulate observed processes in a very detailed way. The conditions are rather different for ambient studies; important compound concentrations sometimes hardly exceed the detection limit, a notable heterogeneity of the site is present with changes in the local compound distribution and the time resolution actually depends on the instruments used. Usually no past condition can be changed or investigated again, that means the benefit of laboratory techniques to repeat the experiment for different conditions is not available. A summary of all these aspects is given in Table 1 . Both approaches include strong benefits and some weaknesses: the smog-chamber-based one investigates processes under well quantified conditions such as temperature, humidity, radiation and gaseous concentrations. The conditions can be chosen in the way that best suits the observational techniques. Because of volume limitations (static chambers) or time limitations (flow chambers) this approach is limited in process time. The smog-chamber approach can be divided into subgroups, i.e. set-ups exploring definite mixtures in a static or dynamic vessel with an artificial light source that is supposed to be similar to the ambient one. Examples are the sphere reactor at Max Planck Institute for Chemistry (Neeb et al., 1995) , the Paul-Scherer-Institute-Simulation Chamber for Atmospheric Chemistry (PSI-SCAC) chamber at the Paul Scherer Institute (CH) (Paulsen et al., 2005) , the TPOT chamber at Toronto University (CND) (Slowik et al., 2012) , the Potential Aerosol Mass reactor (PAM) at Pennsylvania State University (USA) (Kang et al., 2007) and the CESAR chamber at Creteil (F) (Wang et al., 2011) Other techniques such as the large simulation chambers at Valencia (ES) (EUropean PHOtoREactor, EUPHORE, Becker, 1996) , at Juelich (D) (Simulation Atmospheric PHotochemistry In a large REactor, SAPHIRE, Karl et al., 2004) and at the California Institute of Technology (USA) (Caltech chamber, Kroll and Seinfeld, 2005) use certain air mixtures and expose them to ambient light conditions to simulate an accurate daily pattern and behaviour. Some of those techniques use initially ambient air in order to process it further on and to figure out potential changes in properties -for instance, of ambient aerosols over time (ageing) . Among the benefits of laboratory studies, the following aspects can be named as examples: controlled conditions, investigations under suitable conditions, application of measurement techniques under homogeneous conditions and facilitation of a detailed process based simulation because of the fixation of well-known boundary conditions (see Table 1 ). The disadvantages include primarily the elevated concentration used for precursor gases, the reactor surface losses for sticky compounds and leak rates and the limitation in process evolution either in time or in volume. Ambient measurements allow the determination of a wide B. Bonn et al.: COMPASS 3409 range of different conditions and their annual patterns. These include, in general, micrometeorology and gas-and aerosolphase measurements. Examples of this kind of set-up can be found e.g. at the SMEAR research stations in Hyytiälä (FIN) (Rannik, 1998) or at the Blodgett forest (USA) (Holzinger et al., 2005) . Seasonal impacts of parameters on specific processes and changes over time have been derived from the observations made (Hyvönen et al., 2005; Lyubovtseva et al., 2005) . Missing aspects can be revealed as well as quantified. Examples include missing volatile organic compound emissions (Goldstein and Galbally, 2007) , missing OH reactivity (Lelieveld et al., 2008; Lelieveld, 2010; Nölscher et al., 2012) and the lack in process understanding of ambient new aerosol particle formation (Kulmala et al., 2013) . However, the reduced concentration of parameters in the ambient conditions competes with the detection limits of the applied instruments, resulting in a gap of knowledge.
However, due to the spot-like measurements that are affected by transport, local sources and sinks and the time resolution of instruments, separation of individual aspects is challenging in the highly nested atmospheric system. We aim to address this gap with our new comparative and portable twin flow chamber COMPASS, which facilitates the usage of laboratory tools in a certain time frame under ambient conditions. The flow-chamber approach allows the investigation of a process in a certain time scale for ambient and modified conditions. Since the set-up is portable, different locations and conditions can be compared with respect to atmospheric conditions and the extrapolation of laboratory-based results can be checked. Based on this approach, a future increase in temperature or of natural gas concentrations, for example, could be investigated, as well as the impact of certain anthropogenically enhanced species. In this study, the construction, characterisation and exemplary application for a well-known ambient problem is explained.
This well-known problem concerns the ambient new aerosol particle formation processes from gaseous precursors, which have been observed all around the globe (Kulmala et al., 2004c) and which have been studied for more than a century. A wide range of theories have been developed as explanations; these include primarily sulfuric-acidrelated mechanisms such as binary and ternary nucleation (Kulmala et al., 2004b) . These are expected to take place in the free troposphere and in the vicinity of significant ammonia sources, such as agriculture and farming (Korhonen et al., 1999; Spracklen et al., 2010) . Others, like the ion-induced nucleation (Hirsikko et al., 2011; Kirkby et al., 2011) or the iodine oxide related oligomerisation (Burkholder et al., 2004) , have been demonstrated to be relevant for the upper troposphere or the coastal zones, whereas algae emissions of diiodomethane (CH 2 I 2 ) occur at draught stress conditions (O'Dowd and Hoffmann, 2005) . In the case of coastal new particle formation, the emitted volatile organic compounds (VOCs) subsequently react with ambient ozone and start the process of new aerosol particle production. Besides the mentioned ones, several further theories have been postulated (Ryding et al., 2012; Bonn et al., 2002; Bonn and Moortgat, 2003; Bonn et al., 2008) but could not be proven by aerosol mass spectrometry techniques (Jimenez et al., 2009) as the corresponding particular mass is too small and particles undergo chemical transformation during accumulation. This problem is severe, since only very tiny amounts (perhaps less than a ppt v ) of a compound are required to create a new phase, if the compound of interest has the right physic-chemical properties, i.e. low volatility, notable interaction with other species or a high chemical reactivity (Bonn et al., 2007 (Bonn et al., , 2013 . Nevertheless, once the new particles are formed, a significant fraction grows beyond the size at which it can act as cloud condensation nuclei (CCN) and alter the physical size distribution of cloud droplets. This has a remarkable impact on the radiation budget in the climate system (Kulmala et al., 2004a; Merikanto et al., 2009 ) and provides the key uncertainty in predicting climate feedbacks and processes. Therefore, a novel technique for investigating these processes is needed.
So far most of the so-called nucleation studies have been performed under controlled laboratory conditions, sometimes with enhanced precursor concentrations to speed up the formation and early growth. The concluding results are then used to interpret ambient observations and processes (Bonn et al., 2009) , an aspect that is subject to criticism. In this study, we report a novel technique that uses the comparative method and provides a mixture of atmospheric and laboratory methods. It is designed to study the impact of certain parameters and gases online and can be applied in a large variety of conditions.
Material and methods

Construction
The construction of two identical twin chambers aims to measure atmospheric situations under two sets of conditions, identical except for one parameter, to investigate the impact of the parameters on the process observed (Sun, 2013) . It shall allow a notable residence time to investigate slowly occurring processes and aims to reduce dry wall loss to a minimum and the surface to be chemically inert. Thus both twin chambers shall alter ambient conditions to a minimum level.
The surface material is made of ethylene tetrafluoroethylene (ETFE, Texlon GmbH). It has a high level of transparency in the UV region (95 %) and in the visible range (83.6 %) ( Table 2) i.e. higher than glass. It is inert, selfcleaning and very resistant to chemical reactive substances like ozone. It is temperature-resistant up to 150 degrees Celsius. The material is weatherproof (wind, temperature and rain) and the selected foil has a thickness of 25 µm.
The scaffold of the twin chambers is made of stainless steel with a total height of 3 m, which stabilises the chamber towers on the right and left sides of the scaffold with several carrier rings (Fig. 1) . The foothold material is formed as two rings on each chamber, i.e. one on the outside and one inside. Each outer (carrier) ring is fixed on the scaffold and its diameter can be narrowed by a screw to fix the foil between the outer and inner ring. The foil is welded vertically to a cylinder. This cylindrical main section of each chamber has a total height of 1.8 m and a diameter of 50 cm. At the inlet and outlet region of the chamber, the cylindrical form is reduced concentrically. Above and below the main section, the diameter of the cylinder reduces from 50 to 15 cm in both, i.e. the upper and lower, parts. The reduction of the inlet diameter aims to focus the direction of the inlet stream and to minimise the influence of turbulence. Mounted at the top is an inlet tube consisting of acrylic glass, which is connected to a cover plate with a flange. Finally, a flexible aluminium tube bent towards the ground is fixed at each of the chambers to protect them from rain.
In the following, one of the chambers is used as a reference (COMPASS1) while the second one (COMPASS2) is modified as desired. Therefore COMPASS2 has an additional glass inlet for adding gases.
The chamber outlet is situated in the centre of the flow tube at the lowest part of the chamber. Two different outlet lines for gases and aerosol particles are chosen to prevent destruction of chemicals in the conducting tubes for the aerosol particle analysis. The flow dynamics are kept laminar with a Reynolds number (Re) of 420 and can be expected as simulated using the FLUENT 6.1 software (Fig. 2 ) for 15 L min −1 . The total flow rate in each chamber is controlled by mass flow controllers and electrical pumps. To allow sampling with a minimum of instrumentation, both chamber outlets (COMPASS1 and 2) for gases and particles are connected to electrical switches (gases: magnetic valve, Bückert; particles: OSE-KKP, Grotec) controlled by a Labview card (National Instruments) and program that switches in 5 min intervals between both chambers ( t = 10 min). To guarantee that the flow is stable during the changing time of the magnetic valve, there is a second magnetic valve, which is coupled with the first one. In this way an additional pump with the same flow rate as the gas measurement device can stabilise the flow of that chamber, which is current uncoupled from the gas measurement.
Instrumentation for measurements
Gaseous and meteorological measurements
Temperature and relative humidity are measured by Hygrosens sensors (Model: HYTE-ANA-10V, Hygrosens) at the end of each chamber in 5 s intervals. A comparison of the two sensors at controlled laboratory conditions yielded no significant difference outside the measurement uncertainty. Note that both sensors are not protected from sunlight in order to modify flow conditions only to a minimum extent. Thus temperatures higher than the ambient ones are to be expected. The chambers are constructed identically in order to enable one to compare the data afterward on a relative scale. Ozone was detected using the Horiba APOA-350E instrument alternatively in COMPASS1 and 2. Its sampling flow was set to 1 L min −1 , and the measurement range was chosen to fit best to the range of expected values. For volatile organic compounds, a high-sensitivity proton transfer reaction mass spectrometer (HS-PTR-MS, Ionicon, Innsbruck, Austria) was applied and was operated in the same manner as the ozone sample. Important masses were selected by running a mass scan at the start of each set-up. Chosen masses were either significantly different in both chamber samples 83.5 % 300-2100 nm (sunlight) 91.9 % or were selected because of significant local sources. The sampling time for the individual masses was adapted to the present mixing ratio range, i.e. the smaller the concentration the larger the measurement time resulting in a total time resolution between 32 and 37.4 s. For more details the reader is referred to Bourtsoukidis et al. (2012) .
Particle phase measurements
In order to physically characterise the ambient particle number and mass concentration, two different set-ups were applied: (a) for quantification of the total aerosol number concentration, a buthanol-based condensation particle counter (CPC, TSI 3025A, TSI Inc., US) with a lower cut-off size of 2.7 nm in diameter was used and averaged for 30 s intervals. Flows were calibrated before application and regularly afterwards. (b) To measure the particle volume and mass as well, the system was extended to a scanning mobility particle sizer (SMPS, TSI 3936, TSI Inc., US). This instrument was configured as follows: sample flow = 1.5 L min −1 (high flow), sheath flow = 6.0 L min −1 , particle density assumed to be 1.2 g cm −3 , and two scans per sample with 120 s upscan and 15 s downscan. These times result in a total sampling time of the SMPS per sample of 4 min 30 s. The remaining 30 s for a total of 5 min interval the SMPS was set to pause in order to prevent measurements during the switch from one to the other chamber.
To maintain the total flow rates in both chambers identical a set of 4 flow controllers was used. Since gas-and particlephase measurements took place in alternating chambers with a match of the total flow rates of gases and of aerosol particles (1.5 L min −1 ) the corresponding residual flows were selected accordingly.
Data analysis and intercomparison
Since the focus is on a relative comparison of the two chamber results, the measurements for each parameter were divided into data sets for the individual chambers using the recorded valve switching times and the MATLAB software (The MathWorks, Inc.). Subsequently all values between 30 s and 4.5 min after switching were averaged. The mean values were used to calculate the ratio of value (COM-PASS2) / value(COMPASS1) using the COMPASS2 interval following the COMPASS1 interval, which is the first to be measured when starting the magnetic and the GROTEC valves. This assumes that no significant change occurs in any chamber in smaller time steps than 5 min.
Results
Determination of chamber residence time
Due to the unreactive properties of CO 2 , this gas was used as a trace gas to determinate the residence time inside the chamber. The gas was added into the inlet region of the chamber from a specific time on. At the outlet region the timedependent rise of the CO 2 mixing ratio was measured by a CO 2 -measurement device (BIOS ® 100). The 50 % change time between the initial and the final CO 2 -mixing value was taken as the residence time for gases and aerosol particles in the central area of the chambers covered by the hoppershaped outlet. An exponential fit of the normalised CO 2 data vs. time was added to calculate the residence time with following function:
(2)
x represents the measured time, y the normalised CO 2 mixing ratio, y 0 the normalised initial CO 2 mixing ratio and A 1 and t 1 are fitting parameters. The residence time x τ can be calculated by Eq.
(2) assuming y = 0.5 and y 0 = 0 by application of the fitting values from Eq. (1) (Fig. 3) . The derived residence time, x τ , was found to change between 22 and 36 min as flows varied between 10 and 20 L min −1 (Table 3 ). In this context the value at 10 L min −1 (COMPASS1) was excluded from further analysis because of the heat exhaust of an oven close by that was turned on during this particular measurement. Using all residence time values except the discarded one the relation between flow rate and mean residence time for both identical chambers becomes
The residence time used for ambient measurements at 15 L min −1 was derived as (26.5 ± 0.3) min for the reference chamber COMPASS1 and (26.6 ± 0.4) min for the measurement chamber COMPASS2. This facilitates about 30 min of process modification inside to study impacts by laminar flow conditions. However, the most feasible flow for experiments essentially depends on the total required analytical flow rate (ca. 1/3 of the total flow) and the competition of process time with wall losses. For our experiments a flow rate of 15 L min −1 was chosen because of a need of about 4 L min −1 for analysis. . Measured temporal pattern of the normalised CO 2 mixing ratio at the outlet at a flow rate of 15 L min −1 at a sudden CO 2 increase at the inlet. Exponential fitting of the data points for calculation of the residence time.
Determination of the loss rate of the chambers
Gas dry-wall loss rate
The reduction of a chemically inert trace gas between inlet and outlet is based on gaseous diffusion and dry deposition to and as well as leakage through the chamber walls (wall loss) if the trace gas is not sticky and does not get lost on aerosol surfaces. In this case an identical sampling line has been used to measure the relative reduction of the CO 2 mixing ratio from the inlet to outlet. The wall leak rate of inert gases is described by the following equation (Seinfeld and Pandis, 2006) :
with vmr CO 2 = CO 2 -volume mixing ratio at inlet; vmr 0,CO 2 = CO 2 volume mixing ratio at outlet; k loss,gas = dry gas-phase loss rate; x τ = residence time. Restructuring Eq. (4) the variable k loss results in:
With this the mean k leak,gas was obtained as (1.3 ± 0.6) × 10 −5 s −1 . Both chambers show identical results within the range of uncertainty, having values that are in the range of laboratory-derived values ( Table 4 ). The total loss rate of gases includes not only leak rate, but also the rate of the dry deposition onto the walls' surface (sticking). This total loss rate was extrapolated from the particle loss rate to molecular sizes with 1 nm in spherical diameter (Sect. 3.2.2)
Particle loss rate
For determining the particle dry wall loss rates, the same approach as in case of the gas wall loss rate was applied for 22.3 0.4 * The value was excluded from intercomparison due to external heat impact but is shown for completeness. individual particle sizes:
with C particle = particle concentration at outlet; C 0,particle = particle concentration at inlet (aerosol dynamic corrected); k loss,part = loss rate
And again k loss,part becomes
Due to the residence time of 26.6 min at a flow rate of 15 L min −1 inside any chamber, notable aerosol dynamics will affect particle concentrations. Those include the formation, coagulation and coalescence as well as the loss of particles and will have effects on the size distributions to be corrected for intercomparison purposes. However, since the local formation of particles still remains an aspect not fully understood and might be partially related to traffic emissions, this process is assumed to compensate for the surface losses in the smallest size range most. Because of that, particles in the size range below 50 nm in diameter was excluded from the fitting. Because of the relevance of aerosol dynamic contributions, the dynamical effect was calculated using an aerosol dynamics box model (Jacobson, 2005) in MATLAB 2009 (The MathWorks Inc., US). The model was initialised with the aerosol size distribution gained at the inlet from ambient air at Campus Riedberg and calculated in 1s time steps for the entire residence time in the corresponding chamber. The size distribution derived from the aerosol dynamics computations after the residence time period therefore replaces the initial particle concentration in Eq. (7) to quantify the particle deposition onto the foil surface. Figure 4 displays the maximum of particle loss at a size range of 40 nm in particle diameter. The loss value is (56 ± 5) % at COMPASS1 and (48 ± 5) % at COMPASS2, each using ambient aerosol particles and individual measurements. The differences may partially originate from a non-stable initial aerosol, and therefore different diffusion mixing within the two chambers. However, the values of both chambers display no significant difference. The total loss rate of particles per second is provided in Fig. 5 . Therefore, the fit of the mean values between 50 and 422 nm in particle diameter is used. Since ambient air was used for testing, smaller particles may be affected by new particle formation and subsequent growth in both chambers (see above). Therefore, the size range of potential effects is excluded from the fit.
Above, the deposition rate declines to a minimum at nearly 250 nm. The average fit curve for both chambers is provided by
This means that particles in such a size range pass the chamber with the smallest loss. As noted in Sect. 3.2.1, the gas loss rate was determined for a non-sticking gas (leak rate). If we extrapolate the particle-based loss rate, including sticking to the chamber wall surfaces, a loss rate of condensable gases of k loss,stick,gas = (1.84 ± 0.01) × 10 −3 s −1 is obtained. Therefore sticking gases will get lost on the chamber walls about 100 times faster because of the different contributions of leak and wall deposition loss rates (compare Table 4 ), providing a lifetime of sticking gases in the gas phase of about Fig. 5 . Dry particle wall loss rate k loss,part inside the measurement and reference chambers as a function of the particle size. The uncertainty ranges are displayed by the shaded areas. The fit for the average values of both chambers between 30 and 370 nm is shown in red and extended to molecular sizes. 9 min. As the extrapolated loss rate of particles to molecular sizes results in a total loss of about 92 % for sticky gases, we conclude that the use of two chambers is highly preferable for our kind of comparable effect studies.
Intercomparison measurement period
The intercomparison of both chambers at ambient conditions took place without any modifications in one of the chambers during September 2012 at the Riedberg campus of Frankfurt University. The results are displayed in Fig. 6 . No difference is visible in the two size distribution measurements (top and centre plots), or in total particle number concentration (bottom graph), or in particle volume for more than two days at a variety of ambient conditions. Therefore the two chambers are considered to work identically. The top and centre plots in Fig. 6 show the dN / dlog (D p )observations in COMPASS1 and 2 during the comparison experiment between the two chambers at a particle size range from 9.65 to 422 nm. The particle formation processes at morning and evening are obvious in the time range 269 to 270. It has the typical shape of a nucleation curve, which is also known as "banana plot". By contrast, the particle concentration at about noontime is quite less. This experiment was accomplished nearby the anthropogenic-contaminated road next to the institute. So it is rather likely that the particle (DOY 268-270, 2012) . The colour bar is logarithmic scaled. Bottom: same for total particle number concentration. formation process is mainly influenced by exhaust gas from automobiles. In this case the primary chemical substances are BTEX, NO x , SO 2 and polycyclic aromatic hydrocarbons (PAHs).
The bottom graph in Fig. 6 shows the time-dependent particle concentration of both chambers. The maximal particle concentration occurs around evening time, at 3 × 10 4 particles cm −3 . By contrast, the minimal particle concentration occurs about noontime, at 5000-10 4 particles cm −3 . The condition of higher traffic intensity during rush hour is supposed to control the height of the particle concentration at this time. In addition the uncertainty regions of both data series overlap continuously. So there are no significant differences between the measured particle concentrations of the two chambers.
Comparative measurements
For testing and investigation purposes, the novel twin chamber set-up was applied in two different environments: (a) the urban environment of Frankfurt am Main at the university campus Riedberg (September/October 2012) and (b) the remote biogenically affected area at Taunus Observatory (Mt. Kleiner Feldberg, 825 m a.s.l.) at a spruce forest site during spring 2013.
Urban environment (Frankfurt am Main)
The experiment conducted in Frankfurt was operated in two phases: phase 1 addressed an artificial rise in ambient ozone by positioning a pen-ray lamp with a wavelength of 253.7 nm in the inlet section (uppermost part) of COMPASS2, with protection from the lamps light for the reference chamber. Phase 2 focused on the impact of solar radiation by covering COMPASS2 with aluminium foil to prevent radiation and heat from penetrating inside.
Phase 1 -test of urban conditions: ozone enhancement
The impact of ozone was investigated between DOY 287.5 to 288.5 (start of October) and during a repetition in late November. The ozone mixing ratio climbed to values of 700-800 ppb v in the modification chamber 2 and particle number concentrations increased to a up to a concentration tenfold greater than that of reference chamber 1 (Fig. 7) . It is of interest that the particular enrichment does not only occur at daytime, but also at nighttime, although the ozone value enrichment was generally smaller than the maximum during 287 at noon (800 ppb v ). This indicates a significant interaction of ozone with not only direct particle precursor compounds, but also nitrogen oxide species during night. Because of this NO 3 levels are supposed to be remarkably enhanced in the modification chamber, leading to an enhanced oxidation capacity during the night. During daylight the increased ozone will be photolysed, intensifying the OH production and the HO x -cycling (OH and HO 2 ) at the same time. The notable urban NO sink of these radicals is remarkably reduced due to their conversion to the less reactive and therefore longerlived NO 2 . A repetition in November showed similar but weaker increases in ozone as well as in number concentrations, indicating different source strength of precursors and smaller reaction rates. The volume concentration displayed a similar pattern and behaviour as the number concentration. However, the increase with ozone enrichment was less intense. Figure 7 shows the measured ozone mixing ratio (panel a), particle concentration (panel b) and particle volume concentration (panel c) in both chambers during the ozone experiment. In Fig. 7a , an increase of the ozone mixing ratio is observed in COMPASS2, reaching a maximum of nearly 700 ppb v . In contrast to that the ozone mixing ratio in COMPASS1, which measured continuously under atmospheric background conditions, stayed at a quite lower level (around 30 ppb v ). The maximal ozone mixing ratio in COM-PASS2 occurred at about the time period DOY 287.5. After that it decreased to nearly 100 ppb v , which is still higher than the ozone mixing ratio in COMPASS1 by factor of 3. Regarding particle concentration (Fig. 7b ) there were no differences at the time period DOY 286-287.5, when the ozone mixing ratio was not increased. With the addition of ozone to COMPASS2, an increase in the particle concentration (up to a maximum of 10 5 particles per cm 3 ) was observed. In the reference chamber, COMPASS1, the particle concentration stayed at quite low levels. The complete particle size distribution between 9.6 and 422 nm in spherical diameter is provided in Fig. 8 . The significance of the increase is apparent when comparing both data series between DOY 287.5 and 288.5. This is apparent in the scatter plot of measured ozone vs. total particle number concentration in both chambers ( Fig. 9 ), too. A clear positive relationship for 30 min averaged time intervals is visible. For this plot six extraordinary ozone mixing ratios above 600 ppb v with huge error bars have been excluded. Please note that because ozone is not the direct particle precursor, but is involved in a set of chemical reaction steps depending on NO x as well as VOCs, no linear behaviour was expected or observed.
In case of the particle volume concentration, there is a trend of rising identical to that of the particle concentration. The volume concentration in the COMPASS2 is significantly higher than in COMPASS2 during the ozone enrichment period ( Fig. 7, lower plot) .
Both increases, i.e. in particle number and volume concentrations, at elevated ozone mixing ratios result in a significant increase in mode diameters of the particle number concentration (Fig. 10) . The fitting was performed with Gaussian type curves at a maximum number of 3. In cases in which a smaller number caused a better fit, the number of modes was reduced (Hussein et al., 2005) . Atmospheric and elevated ozone derived values are marked with two different colours, the atmospheric ozone derived ones in black and the elevated ozone derived values in red. Please not the different symbols for individual modes. Figure 11 shows the cross-correlation between the difference of particle concentration and ozone mixing ratio in both chambers. A clear correlation between these two parameters is observed with the maximal cross-correlation coefficient of 0.9 at a time shift of (0.34 ± 0.17) h or (20 ± 10) min. The values of time shift above 0.34 h correspond to times at which the residence time of 26 min inside the chamber was exceeded. The scatter plot of the ozone concentration ratio of both chambers vs. the particle number concentration ratio indicates a linear rise by a factor of 2.8 ± 0.3 for the city of Frankfurt at the start of October 2012. This means that if ozone increases by 10 %, the particle number concentration would rise by about 30 %, indicating that ozone is an important pollutant and precursor for ambient particles.
Phase 2 -tests at urban conditions: impact of solar radiation
A further impact factor for -especially urban -particle formation is solar radiation, since it controls atmospheric transport and chemical reactions. While OH is formed with increasing radiation, several products degrade in its presence. In order to investigate this effect, the modification chamber 2 was covered by an aluminium foil to prevent (a) the penetration of sunlight and (b) a temperature increase of the covered chamber due to isolation. In fact the chamber was found to be significantly cooler during the day (50 • C, nonshaded measurements) than the reference chamber (20 • C in darkened chamber) and with identical temperatures at night. Fig. 9 . Scatter plot of measured ozone mixing ratios and total particle number concentrations above a diameter of 9.6 nm as 30 min averages in both chambers (unchanged in blue, elevated ozone in red). Three outliers between 600 and 800 ppb of ozone have been excluded. Fig. 10 . Mean mode diameters fitted to particle number size distributions measured in both COMPASS chambers. Elevated ozone is displayed in red, while normal conditions are shown in black.
Consequently the saturation vapour pressure of aerosol phase affine compounds drops and the chemical lifetime of reactive aerosol species increases. By contrast, new potential aerosol material is formed by hydroxyl radical reactions in the reference chamber. Comparing the importance of both aspects, the OH contribution seems evidently more important for (a) the number but also for (b) mass and volume, although warmer temperatures were present (Fig. 12 ). Both were lower in the covered chamber (COMPASS2) compared to the reference one (COMPASS1) except during night when no difference between the two chambers could be found. This is in line with the expectations. Both investigations in the urban area of Frankfurt clearly demonstrate that ozone and solar radiation lead to an enhanced particle number and mass concentration, i.e. issues for public health and therefore potential future problems. . Cross-correlation of measured particle number concentration and ozone volume mixing ratio difference between COM-PASS2 (modified) and COMPASS1 (reference) during the ozone enrichment experiment (DOY 286-290, 2012) . 
Remote region: Taunus Observatory, spruce forest
Impact of solar radiation and ozone
For investigating the local effect of ozone on new particle formation, a pen-ray with a wavelength maximum at 253.7 nm was mounted at the inlet of COMPASS2 and shielded in the direction of the reference chamber COMPASS1 in an identical way as was done for urban experiments.
In this period of observation, two phases were chosen: (A) only ozone was enriched and (B) ozone was enriched and radiation was reduced in COMPASS2.
Phase A -tests at remote conditions: (a) ozone enrichment
Because of the pen-ray lamp, the ozone value in COMPASS2 was kept constant above 100 ppb v (at minimum 1.5 to threefold of the ambient mixing ratio in COMPASS1). There was only a moderate increase at nighttime i.e. especially during periods with a relative humidity close to 100 %, and the ozone was most intense during daytime at driest environmental conditions. The ambient ozone mixing ratio itself displayed a typical daily cycle, varying between 30 ppb v at minimum and 60 ppb v at maximum (mean: 47.9 ± 6.1 ppb v ) in the reference chamber. The temperature in both chambers was 18.1±6.2 • C and no significant difference was observed between the two enclosures ( T = 0.4 ± 0.6 • C). The same applies for the relative humidity (RH) that was measured as 59 ± 26 % with a difference of RH = 0 ± 2 %.
Particles
With respect to total particle number concentration (N ) the observations are evident above 3 nm in diameter. In every case ozone is significantly enhanced, (Fig. 13a ) the total particle number concentration increased remarkably (ca. +75 % ppb v −1 of ozone increase, Fig. 13b ). While temperatures and relative humidity in both chambers are measured identically (Fig. 13c) and no indication for a difference in solar radiation is available, the presence of ozone and thus a subsequent reaction with an aerosol particle precursor gas evidently causes the increase. In some cases the measured particle number concentration even exceeded the upper detection limit of the particle counter (10 5 # cm −3 ) (Fig. 13b ) and no further rise could be quantified. 
Gases
When enhancing only ozone, several oxidative VOCs (presumably oxidation products of terpenoids such as monoand sesquiterpenes) indicate a clear rise (Table 5) : formand acetaldehyde, acetone and the molar mass 72 (potentially propene, butanal or butanone). Formic acid increases while acetic acid decreases. No clear change is observable for mono-and sesquiterpenes, although a tendency for reduction is apparent. This can be understood especially for sesquiterpenes because of their primary constituent, β caryophyllene, and the short atmospheric lifetime (of less than a minute) and the scattering of observations around detection limit (ca. 10-20 ppt v ). These reactive gases will not pass the enclosure. But the notable increase of oxidation products within the residence time of ca. 27 min within the chambers indicates a notable chemical conversion and time for further growth. The surrounding forest (i.e. spruce) is no predominant isoprene emitter, and so a difference of very small mixing ratios is hardly detectable.
Phase B -tests at remote conditions: ozone enrichment and solar radiation reduction
Particles
When increasing ozone and reducing solar radiation, the situation appears similar to how it is in the case of ozone only (Fig. 14) . There is still a rise in total number. Although the length of the data set is less extensive than it is for the ozone-only experiment (Phase A), the same characteristics are apparent. Both factors, i.e. ozone and solar radiation, seem important for the observed increase. In order to quantify the individual contributions the correlation coefficient ρ has been calculated for the rise in ozone as well as the present radiation in COMPASS1 (reference) and the particle number increase. Both values show a significant dependency: ρ( O 3 , N) = 73.8 ± 0.4 at no time difference and ρ (radiation, N) = 79.6±0.3 at identical time. However the correlation increases up to a value of 83.9 ± 0.3 with a time shift (radiation earlier) by about 2.7 h. This indicates an earlier production of precursor gases by radiation or radiation-initiated chemistry (OH) in anticipation of some ideal conditions, such as the potential activation of nuclei. Thus, the ozone effect, where the correlation clearly declines with time shift between rise in ozone and in particles, is the limiting step. This becomes obvious in Fig. 15 , in which the relative particle number enhancement in the case of the ozone-only experiment is split into different times of the day (day-and nighttime). The daytime data display a higher slope (ca. +100 % per ppb v of ozone) than the nighttime data (ca. +17 % per ppb v ozone), again indicating the importance of solar radiation -potentially for OH and further radical production, but perhaps not during the residence time in the flow chambers. In this context it is interesting to note that the increase of ozone seems to occur primarily above ca. 35 ppb v of ambient ozone. This indicates a link to the ozone stress-related emission of sesquiterpenes (Bourtsoukidis et al., 2012) . 
Gases
In this phase i.e. reduction of solar radiation, the observations were slightly different than the previous ones (Table 5 ). Although both of the smallest aldehydes were observed to increase in the presence of ozone, too, methanol clearly reduced. Terpenes and their larger oxidation products only provide a tendency for reduction of terpenes and increase of oxidation products that is in line with enhanced ozone mixing ratios and presumably intensified atmospheric reactions in chamber 2. It is worth mentioning that the presence of NO x may cause notable contributions of the nitrate radical reactions in the dark (solar radiation reduction, chamber 2). 
Impact of BVOCs
To test the influence of volatile organic compounds (VOCs) and their oxidation products on particle formation, two different biogenic VOCs were selected: (1) the monoterpene (C 10 H 16 ) β pinene, which is expected to react primarily with ambient OH-radicals (approximated daily average: ca. 80 % oxidation by OH), and (2) the sesquiterpene (SQT, C 15 H 24 ) β caryophyllene, which is known to be quickly oxidised by the present ozone molecules (ca. 95 % of total sink). Next to the addition, the monoterpene is expected to start reacting with either of the two radicals (daytime: OH, nighttime: NO 3 ). This leads to the formation of large organic peroxy radicals (RO 2 ) and several longer-lived products such as nopinone. By contrast, the sesquiterpene reacts with ambient ozone, forming a large variety of products e.g. the Criegee intermediates (Criegee, 1975) and the intramolecularly formed secondary ozonide (Beck et al., 2011) . Both biogenic volatile organic compounds (BVOCs) were added in a small bypass air flow of (10 ± 1) cm 3 min −1 to COMPASS2 using a permeation oven at a defined temperature. The oven temperature was set to (29 ± 0.2) • C in the case of the monoterpene (Phase C) and to (47.8 ± 0.2) • C in the case of the sesquiterpene (Phase D). Both compounds were monitored by the PTR-MS instrument at the outlet of the chamber.
During both terpene-addition related phases (C and D), temperature and humidity in both chambers were identical within the measurement uncertainties. This is why we will focus primarily on the gaseous, i.e. VOC, measurements. The VOCs measured by PTR-MS displayed several significant changes. Those are briefly summarised in Table 6 and will be discussed in the corresponding "Gases" sections following.
Phase C -tests at remote conditions: monoterpene addition
Gases While a clear rise in monoterpene signal could be observed in phase C (Table 4 , left), further VOCs indicated a clear rise either during nighttime or the entire time. The ones increasing all the time were methanol and mass 66 g mole −1 (pres. cyclopentadiene or malononitrile), while formaldehyde, isoprene and toluene only displayed a significant change during nighttime. All of these observations may result from three different processes: (a) increased production by a specific monoterpene compared with a mixture of monoterpenes in the atmosphere, (b) a change in local sink intensity, i.e. a significant reaction with with OH but not with ambient NO 3 and finally (c) lower source intensities i.e. lower emission and meteorological transport at nighttime. Further masses, such as nopinone, indicated trends but remained below the range of significance (one standard deviation).
Phase D -tests at remote conditions: sesquiterpene addition
Gases
In the case of sesquiterpene addition, no significant changes have been monitored for any VOC (Table 6 , right). However, the ozone mixing ratio dropped due to the reaction with the sesquiterpene. Because of the very short lifetime of β caryophyllene (ca. 45 s), the increase was assumed to be identical with the drop in the ozone mixing ratio. Our observations indicate a rise between 0 and (4.5 ± 1.5) ppb v . As for monoterpene addition, several masses, i.e. presumable oxidation products of β caryophyllene with ozone, displayed trends (e.g. in formaldehyde) but remained within the uncertainty range. Since the competitors in the case of ozone reactions are minor, the effects were found to be non-significant for other VOCs. But oxidation products with ozone are expected to be rather non-volatile and effects will primarily occur in the aerosol phase.
Particles
It is very interesting to see the different impacts of both terpenes on the ambient particle number concentration ( Figs. 16-18 ). While the monoterpene addition results in a clear daily profile, with a maximum increase around noon (+20 ± 5 %) when the most intense radiation occurs and evidently no change during nighttime conditions ( Figs. 16  and 17) , the sesquiterpene addition creates a nearly constant increase by about +13 ± 4 % except between 10:00 p.m. and 02:00 a.m. LT (Figs. 17 and 18) . The observations may be explained by a two-stage process that can be limited at both stages, i.e. the cluster production or the activation. From our observations during the addition of the monoterpene, one would tend to say that the OH oxidation production takes place in the activation stage. By contrast the sesquiterpene-ozone production may contribute earlier and lack in activation around midnight, when favourable compounds such as OH-or NO 3 -driven products display a minimum. Because of that, secondary oxidation products which are important for aerosol mass production will be formed less (Li et al., 2011) . This shows evidence that both BVOCs take place in the ambient particle formation process. However, the stage of impact, i.e. in the cluster formation steps or the activation of clusters, cannot be elucidated by the current measurements, since the available aerosol instrumentation was insufficient for that. This requires detailed future studies with either ion instruments or a CPC battery with the smallest size range of particles. Nevertheless, the difference in daily pattern is in agreement with the assumption of a stable cluster pool production below 2.7 nm in diameter, and a solar-radiation (OH) driven activation of these clusters.
Conclusions
The novel twin-chamber technique COMPASS has been shown to act as an appropriate tool for investigating the impact and the role of different parameters and gases in the particle formation process under a variety of different conditions. The system is not necessarily limited to particles, but can be operated for cloud nuclei or gas-phase studies as well. The magnitude of the observed change depends on the residence time required for the particular process studied. This can be achieved by flow variation between 2 min (Re = 1150) and tenths of minutes, limited by the required sample flow rates. The flow system provides a laminar flow field as shown by FLUENT simulations, and uses two identical chambers for the evaluation of results, i.e. one reference and one experimental chamber for modifications. Because of the parallel operating chambers, wall loss is a minor process and its contribution will become important only at long residence times. Characterisations of both individual chambers demonstrated no significant change between the chambers. Therefore it is evident that the two function in an identical manner and that their application for measurements under atmospheric conditions is reasonable.
First tests in urban and forest conditions have been conducted, which indicate a strong potential for applications, i.e. starting with figuring out the important gases for the earliest cluster formation, the activation and subsequent growth, and the set-up can be applied for studying the effects on ambient particles directly in ambient conditions (not in the laboratory) at reasonable concentrations. Fig. 17 . Phase 4: experiment with external sesquiterpene supply to COMPASS2. Upper plot: additional sesquiterpene mixing ratio as approximated by the difference in ozone mixing ratio between both COMPASS chambers (reference-modified one). Bottom plot: the ratio of the 10 min averaged particle number concentrations of COMPASS2 to those of COMPASS1. Note the time shift due to the residence time in the chamber by ca. 0.5 h.
Experiments in the urban air of Frankfurt clearly demonstrated the formation potential of particular number and mass based on ozone and solar radiation. Therefore this indicates a potential rise in particle mass during elevated ozone episodes as expected in future climate projections (Pachauri et al., 2007; Field et al., 2012) . Based on our measurements in urban and forested regions an important role of ozone in new particle formation is evident. Suppressing solar radiation reduced the measured particle number and volume concentration. However, when both changes, i.e. ozone enhancement and radiation reduction, are overlapped, ozone seems dominant and may produce precursor gases or activating gases via an alternative pathway, such as NO 3 production. Adding volatile organic compounds (VOCs) such as monoand sesquiterpenes lead to a clear rise in particle number, depending on the primary oxidant and the time of the day. While the monoterpene β pinene reacts primarily with OH the particle enhancement displays the same pattern as solar radiation. By contrast, the sesquiterpene β caryophyllene is oxidised by ozone resulting in a constant production of new particles. It is important to note that there is a minimum at midnight although ozone remains fairly constant. However, the nitrogen oxides decline and the nitrate radical production is drastically reduced. This may explain that although clusters are available, the ozone oxidation products are incapable to activate those on their own without a radical initiated activation. Since these new particles will grow further to sizes at which they alter the Earth's radiation budget via cloud microphysics, the understanding of the processes involved are key to elucidating future climate changes.
This demonstrates the wide range of measurements possible that can increase understanding of the environmental processes affecting health, climate and feedback processes. The novel chamber seems to be an appropriate tool for that.
